Diseases caused by Xylella fastidiosa have attained great importance worldwide as the pathogen and its insect vectors have been disseminated. Since this is the first plant pathogenic bacterium for which a complete genome sequence was determined, much progress has been made in understanding the process by which it spreads within the xylem vessels of susceptible plants as well as the traits that contribute to its acquisition and transmission by sharpshooter vectors. Athough this pathogen shares many similarities with Xanthomonas species, such as its use of a small fatty acid signal molecule to coordinate virulence gene expression, the traits that it utilizes to cause disease and the manner in which they are regulated differ substantially from those of related plant pathogens. Its complex lifestyle as both a plant and insect colonist involves traits that are in conflict with these stages, thus apparently necessitating the use of a gene regulatory scheme that allows cells expressing different traits to co-occur in the plant.
INTRODUCTION
Strains of Xylella fastidiosa have been associated with a large number of diseases, many causing great economic losses. The most economically important diseases caused by X. fastidiosa are Pierce's disease of grape (PD) and citrus variegated chlorosis (CVC) of citrus species, both of which have received more attention by far than the many other diseases caused by this pathogen. Alfalfa, peach, plum, almond, elm, coffee, sycamore, oak, maple, pear are among the many other plant species for which diseases caused by X. fastidiosa are described, and the pathogen can be detected in hundreds of asymptomatic plant species (14, 27, 57, 59, 60, 62, 64, 65, 78, 83, 93, 125) . This pathogen is obligately vector-transmitted from one plant to another by various xylem sap-feeding insects. The recent introduction of the glassy-winged sharpshooter (Homalodisca vitripennis) into southern regions of California in 1989 has transformed PD from a problem mostly associated with vineyards near riparian areas to one that potentially could involve grape production over most of the state. The bluegreen sharpshooter, a native vector of the bacterial pathogen X. fastidiosa, has a much more limited range of flight and narrower host plant preferences than does the glassy-winged sharpshooter, and this new vector might put grapes at risk wherever it will spread, as it has in the southeastern United States where PD is a major limiting factor for grape production. For this reason, the study of PD has dramatically increased since the last reviews of this pathogen, which focused mostly on descriptions of symptom development and etiology of disease (64, 65, 93) . Perhaps due to the increasing attention to this pathogen, as well as better means of detection and discrimination of its many strains, this pathogen is being detected in large numbers of new host plant species in California and elsewhere (27, 60, 78, 83) ; whether these numbers represent a broadening of its host range due to pathogen evolution or introduction of novel strains, or simply an appreciation of is exceptionally wide host range is unknown. Likewise, the outbreak of CVC in Brazil has also stimulated extensive study of the strains that cause that disease, and led to the complete sequencing of the genome of a CVC strain of X. fastidiosa, the first plant pathogenic bacterium to be sequenced (111) . Together, there is a wealth of new knowledge of X. fastidiosa and its interactions with plants and insect vectors. The availability of genomic information on X. fastidiosa has led to numerous reports of proteins and other biochemical processes in this species (30, 35, 36, 45, 70, 84, 89, 103, 120) , but these studies are not emphasized in this review. We also do not address the many studies of detection methods and strain variation (26, 39, 56, 58, 81) . Instead, we emphasize the new insights into the disease process and the processes involved in insect vectoring of this pathogen gained from recent studies that have exploited new molecular techniques and the genome sequences of several X. fastidiosa strains. In addition, we focus on PD, as much recent work to understand the biology of this pathogen has used this system.
INTERACTIONS OF X. FASTIDIOSA AND PLANTS: THE DISEASE PROCESS
Unlike other plant pathogenic bacteria such as many species and pathovars of Xanthomonas, Ralstonia solanacearum, or Pantoea stewartii that can spread in plants via xylem vessels, X. fastidiosa appears to be exclusively xylem-limited, living only in xylem cells or tracheary elements (3, 51, 64, 65, 87, 119) . As discussed in detail below, the virulence factors that X. fastidiosa apparently utilizes to cause disease differ from those of other vascular pathogens that also interact directly with living plant tissues. The diseases caused by X. fastidiosa are typically a leaf-scorch associated with the extensive colonization of xylem vessels. Such symptoms usually appear only many weeks after inoculation with the pathogen and are most prominent in the field in late summer when maximum water demand by the plant is apparently not met by water supplied by the occluded vessels (77) . The development of disease depends on the ability of the pathogen to spread from the point of infection and ultimately to develop a population that is systemic in the infected plant. Presumably it is the difference in the ability of the pathogen to spread widely within susceptible host plants that distinguish them from the many plants in which spread is minimal and in which the pathogen exists as a relatively harmless endophyte (64, 65, 87, 93) . In susceptible hosts such as grape, X. fastidiosa multiplies and spreads widely from the site of infection to colonize the xylem, a water transport network of vessels composed of dead, lignified cells. Vessels are interconnected by channels, called bordered pits, that allow the passage of xylem sap but block the passage of larger objects due to the presence of a pit membrane (118) . Bacterial cells attach to the vessel walls and multiply, forming biofilm-like colonies that can, when sufficiently large, completely occlude xylem vessels, thereby blocking water transport. The systemic spread of the pathogen is limited by the pit membranes that separate one xylem water conduit from its neighbors, and perhaps by the production of tyloses and polysaccharide-rich gels by plants that block xylem cells following infection. It remains uncertain to what extent the disease symptoms are caused by direct bacterial blockage of vessels or by such plant-derived blockages, but it seems clear that the plant response is dependent on extensive bacterial colonization itself (51, 71) . The movement of cells of X. fastidiosa is an active process and appears to be dependent on its ability to disrupt pit membranes. Because at least a few fluorescent spheres and bacterial cells can move throughout a severed grapevine immersed in suspensions of such particles, it appears that a few passages may enable bacterial cells to move passively within the length of a grapevine (21) . However, when such spheres or cells are introduced as a point source into a grapevine little or no movement beyond the length of a typical vessel (ca. 10 cm) is seen (21) , suggesting that natural passages (breaches in pit membranes?) sufficiently large to permit bacterial cells to move between xylem vessels are quite uncommon and that active mechanisms of movement through pit membranes are required for extensive movement of X. fastidiosa within the plant.
A prominent feature of symptomatic grape plants is the presence of many xylem vessels that are heavily colonized by X. fastidiosa; in many cases vessels would appear to be blocked by both the bacterial cells as well as gummy material of bacterial, or potentially also of plant origin. For this reason it has long been thought that the symptoms of PD, scorching of leaf margins and shriveling of grape berries, typically commencing in mid to late summer, are due to deficiencies of water delivery to the leaves and fruit of grape due to blockage of vessels. This conjecture has been difficult to verify since simple acute desiccation of grape plants by girdling or withholding of water does not reproduce these and other symptoms typically associated with PD (116) . On the other hand, it is not uncommon to see symptoms typical of PD in healthy grapevines that are damaged in a way that would reduce water flow through the vines. Thus PD would seem to be a result of progressive and increasingly limited water flow through the vine that, when high temperatures and maximum water demand with a full canopy coincide in late summer, leads to progressive water stresses to the plant, resulting in such scorching symptoms. The patterns of gene expression in X. fastidiosa-infected grape have recently been compared with those in uninfected grape to determine host responses to infection (74) . As such studies are in their infancy, it remains to be seen whether changes in gene expression in infected grape reflect primarily responses to localized water stress associated with pathogen-mediated blockage of vessels or evidence of other host defenses to the pathogen. Whatever the exact mechanism of pathogenesis, PD is seen only when plants become heavily colonized by X. fastidiosa, and thus a better understanding of the processes that lead to colonization of the xylem should help elucidate the disease process and facilitate possible methods of control.
Considerable evidence indicates that disease symptoms associated by X. fastidiosa colonization of plants is related to the proportion of vessels that harbors large cell aggregates and not simply to the number of vessels that are colonized. gfp-tagged cells of X. fastidiosa have recently been used to assess the process of colonization of xylem vessels in grape. This method is much less invasive than scanning electron microscopy (SEM) and other methods used previously. Cells expressing GFP (green fluorescent protein) can be visualized by confocal laser-scanning microscopy in situ in vessels that have not been ruptured by sectioning and without the need for fixatives, etc. In addition, large numbers of vessels can be easily examined by fluorescence microscopy for the presence of even a few marked cells, enabling cells in different-sized aggregates within vessels to be readily quantified. Such studies revealed that the fraction of colonized vessels was fivefold higher in symptomatic leaves than in asymptomatic leaves on the same plant (87) . However, the differences in specific aspects of colonization, such as colony size distribu- Viable and nonviable cells in grape xylem vessels colonized by a gfp-marked strain of X. fastidiosa. In the petioles of leaves showing very severe symptoms of Pierce's disease a high incidence of colonization of vessels is observed. In those vessels in which X. fastidiosa reaches very high concentrations and blocks vessels (vessels 2 and 3), most of the cells are dead since they stain red with propidium iodide whereas in those vessels in which the number of X. fastidiosa cells is lower (vessel 1), most cells remain alive ( green cells). Image courtesy of K. Newman. tion and vessel occlusion, between symptomatic and asymptomatic leaves was even more informative. For all infected leaves the colony size was variable, with vessels most commonly harboring colonies with relatively few cells (<100 cells/colony) (87) . Although the number of vessels with small colonies were threefold higher in symptomatic leaves than in asymptomatic leaves, the number with large, occluding colonies (>1000 cells/colony) was 20-fold higher. This indicates that most cells in symptomatic leaves are in large colonies whereas this is not true in asymptomatic leaves. This shift to larger colonies in symptomatic leaves also suggests that large colonies have a more deleterious effect on the host than do small colonies. Small colonies in asymptomatic leaves apparently grow into large colonies over time; however, cells must also be dispersing to new vessels since symptomatic leaves also had many more vessels colonized. Therefore vessel blockage by bacterial colonization is apparently a critical variable in symptom expression. Since vessel plugging is a prerequisite for disease, it seems unlikely that bacterial toxins or plantinitiated vessel failure lead to disease symptoms. Although most attention has been directed to vessel plugging, the most obvious feature of X. fastidiosa colonization of xylem, only recently has the significance of the extensive colonization of vessels by small, nonplugging X. fastidiosa colonies been appreciated. On average only about 10% to 15% of the vessels colonized by X. fastidiosa are heavily colonized (87) . As X. fastidiosa cells attached to vessel walls presumably obtain at least some of their needed nutrients and other resources such as oxygen from the xylem sap that would flow past the adhered cells, it would be expected that if the flow of xylem sap in the vessel were restricted the cells would suffer. Indeed, our microscopic examination of the viability of X. fastidiosa cells in the xylem of infected grape assessed by propidium iodide staining revealed that small colonies of X. fastidiosa cells contain exclusively live cells whereas cells in vessels that are heavily colonized are mostly dead (Figure 1) . The combined observations that cells of X. fastidiosa usually do not block xylem vessels of grape, and that the pathogen suffers when they do block xylem vessels, suggest that it has evolved mechanisms to avoid overzealous colonization of grape xylem. The finding that most vessels are only sparsely colonized by X. fastidiosa would be expected if it was primarily an endophytic colonist of plants that only accidentally caused blockage of vessels sufficient to induce water stress to plants under certain conditions. X. fastidiosa is also apparently very efficient in movment between vessels since only relatively few vessels in a plant are occluded while many more contain cells of the pathogen. Although such dispersal within plants would clearly benefit a commensal endophytic interaction with the plant, only when colonization becomes excessive in plant species such as grape and citrus would such an interaction become pathogenic. As developed later in this review, the larger aggregate states that the cells attain in vessels might well contribute to its other necessary life state: association with insect vectors.
COMPARISON OF THE DISEASE PROCESS IN X. FASTIDIOSA AND XANTHOMONAS SPECIES: INSIGHTS FROM GENOME SEQUENCES
As X. fastidiosa is most closely related to various Xanthomonas species, and since both groups can colonize the xylem, it is instructive to consider the similarities of and differences between these two groups. In addition, due their relative ease of study compared to X. fastidiosa, Xanthomonad pathogens have historically received much more research attention than X. fastidiosa. The availability of complete genome sequences for several X. fastidiosa strains as well as different Xanthomonas species makes possible comparison of these species. The CVC strain of X. fastidiosa was the first to be sequenced (111), followed by publication of draft genome sequences of a strain from almond (strain Dixon) and from oleander (strain Ann1) (15, 16) and the complete sequence of the genome of a strain causing PD of grape (strain Temecula-1) (121) . Genome analysis of the different X. fasitidiosa strains revealed interesting similarities with and differences from the closely related plant pathogens Xanthomonas campestris pv. campestris, a pathogen of crucifer, and Xanthomonas oryzae pv. oryzae, a pathogen of rice, both of which are vascular pathogens that enter the plant through hydathodes, terminal extensions of the xylem located at the leaf margin at the end of the veins (Figure 2) . The bacteria enter through the hydathodes and then migrate to the lateral veins where they proliferate. The bacteria can subsequently invade the surrounding mesophyll tissues resulting in severe disease symptoms. In contrast, X. fastidiosa is strictly xylem limited and is delivered in the xylem vessel by xylem sapfeeding insect vectors. Once inside the xylem vessel, X. fastidiosa proliferates as a biofilm only along the xylem wall. Its spread in the plant is limited to the xylem vessels, but it apparently spreads extensively from the vessels into which it is transmitted by insect vectors to adjacent uncolonized xylem vessels, probably by the dissolution of the pit membrane (Figure 2 ). Many genes have been implicated in the virulence of Xanthomonas species, and many of these homologs are present in X. fastidiosa. We discuss the similarities and differences in the presence of these virulence genes in Xanthomonas and X. fastidiosa, and relate how these traits are consistent with the different lifestyles of these important plant pathogens (Figure 2 (31, 75) . In general, bacterial Type I secretion systems consists of two paired proteins that are localized in the inner membrane and a third component that is usually encoded by TolC, which spans the inner and outer membranes (31, 75) . X. fastidiosa has only one TolC homolog. A recent study by Reddy and coworkers (100) indicated that mutation of tolC in X. fastidiosa causes a severe loss of virulence in grape. Furthermore, viable cells of tolC mutants were not recovered after inoculation into grape xylem, strongly indicating that an efflux pump in which TolC is involved is critical to the survival of this pathogen in the xylem. Significantly, the tolC mutant of X. fastidiosa was more sensitive to toxic phytochemicals such as berberine and rhein, the wetting agent Silwet L-77, and crude plant homogenates in culture than is the wildtype strain (100). However, the tolC mutant exhibited similar survival as the wild-type strain in isolated xylem sap, which calls into question whether toxic compounds circulate in the xylem sap in intact plants. Since X. fastidiosa is strictly xylem-limited, it remains unclear whether it might trigger plant innate defense responses in response to PAMPS such as lipopolysaccharide, elongation factor, etc., which it apparently produces. Further analysis of host responses to X. fastidiosa infection by transcriptional profiling and other methods should clarify if such responses characterize interactions with X. fastidiosa. Still to be determined is whether X. fastidiosa utilizes these different Type I secretion systems to secrete effectors or toxins to elicit disease symptoms and modulate plant defense responses or whether they may be merely necessary to overcome the plant's preformed chemical defenses.
Type II Secretion System of X. fastidiosa and its Effectors
The remarkable similarity in the Type II secretion system in Xanthomonas and in X. fastidiosa suggests that this system may play a role in virulence of X. fastidiosa as it does in other pathogens. The Type II secretion system is important for the virulence of a number of plant pathogenic bacteria including X. campestris pv. campestris and X. oryzae pv. oryzae (43, 66, 98 (68, 96) . This reduction in virulence may be due to the functional redundancy of these secreted extracellular enzymes in degrading different plant cell wall components.
X. fastidiosa has a complete set of Xps homologs and also harbors a number of genes capable of encoding various extracellular enzymes such as several β-1,4 endoglucanases, xylanases, xylosidases, and one polygalacturonase (111, 121) . These putative Type II-secreted effectors are likely involved in degradation of different components of pit membranes in a synergistic manner. Mutation of components of the Type II secretion system of Xanthomonas pathovars affects their virulence and growth in plants since it results in severely reduced secretion of extracellular cell wall-degrading enzymes. Whether mutation in the xps homologs of X. fastidiosa has any effect on its virulence and fitness is still to be determined. However, a polygalacturonase ( pglA) mutant of a PD strain of X. fastidiosa was recently shown to be greatly reduced colonization and pathogenicity in grapevines (102) . This may not be surprising as X fastidiosa has only one pglA ortholog in its genome, hence mutation in the single pglA gene would be expected to lead to a major virulence deficiency if polygalacturonase was central to virulence of this species. The pglA mutant was impeded in longdistance movement along the grapevine xylem vessel. This deficiency in movement might be attributable to inability of the cells of the pglA mutant to degrade pit membranes that restrict both lateral and longitudinal movement of the
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pathogen between xylem vessels. It has been hypothesized that X. fastidiosa requires such enzymes to enable intervessel migration, as the pore size of intact pit membranes of grape are too small to allow passive movement of the bacteria (114) . Analysis of the population size in xylem vessels indicated that the pglA mutant was deficient in growth inside the grape xylem vessels. As X. fastidiosa must digest pectin in pit membranes to enable its spread through the plant, the digested pectin is also likely used as nutrient source that would supplement the low amounts of nutrients available in the xylem sap (102) . The digestion of pectin may also expose other cell wall polysaccharides that could then be digested by other extracellular enzymes such as glucanases and xylanases. The reduced virulence of X. fastidiosa in grape harboring a cloned polygalacturonase-inhibiting protein from pear (1) is consistent with the concept that pit membrane digestion is central to the movement of the pathogen. The polygalacturonase (PG) ortholog in the CVC strain and in some coffee strains of X. fastidiosa has a frameshift mutation (121) . It has been hypothesized that the apparent lack of PG (polygalacturanase) in the X. fastidiosa CVC strain might be responsible for its less aggressive nature as compared with grape strains (121) . A detailed analysis of the genome sequence of different X. fastidiosa strains revealed that this pathogen has limited and simple aerobic as well as anaerobic respiratory pathways (15, 16) . Based on the genomic analysis, it was suggested that X. fastidiosa is able to use only a few sugars (glucose, fructose, mannose, ribose, Nacetylglucosamine), cellulose, as well as glycerol. Further analysis of its genome indicated that this bacterium is unable to degrade organic acids such as d-or l-lactate, malonate, propionate, etc., and these predictions have been verified in studies of its growth in minimal media (6, 20) . However, the organic acids that enter the tricarboxylic acid cycle, such as malate, oxaloacetate, citrate, or fumarate, can be degraded by this bacterium. Genome analysis also supported the idea that X. fastidiosa can utilize cell wall breakdown products as a possible carbon source; it contains genes that putatively encode enzymes to degrade polysaccharides such as cellulose and galacturonans such as xylan, rhamnan, and arabinan. The genome of X. fastidiosa also encodes putative sugar transport systems (16, 79, 121) , which further support the concept that cell wall-derived sugars are consumed by this pathogen.
Motility and Virulence
The processes by which Xanthomonas pathovars and X. fastidiosa move within plants differ substantially. Flagellar-driven chemotaxis and motility have been implicated in the colonization in X. oryzae pv. oryzae (107) . The flagellar mutant (FlgF − ) of X. oryzae pv. oryzae was, however, not deficient in virulence when applied topically or by wound inoculation of rice leaves. This flgF mutant was also not completely deficient in motility, which may account for its retention of virulence? This may be due to the presence of other motility mechanisms such as twitching, which would compensate for the loss of flagella driven-motility within the plant. Although X. fastidiosa is a nonflagellated bacterium, it is efficient in the colonization of plants and even upstream movement in the xylem of grape. Genome analysis of X. fastidiosa revealed the presence of several gene orthologs that may encode proteins involved in biogenesis and function of Type IV pili (111, 121) . Recently it has been shown that grape strains of X. fastidiosa have functional Type IV pili that are located only at one pole of the cell (80) . These long pili are primarily implicated in twitching motility and migration. Mutation in the Type IV pili genes pilB and pilQ of X. fastidiosa causes loss of twitching motility and inhibition of basipetal movement in planta. In addition to long pili, X. fastidiosa also possess short pili (Type I pili), which are involved in attachment and biofilm formation. The Type IV and Type I pili appear to have opposite effects on the movement and biofilm formation of X. fastidiosa, indicating that these processes oppose each other. A fimA (Type I pilus) mutant of X. fastidiosa exhibited twitching motility that was even more active than that of the wild-type strain but the mutant was unable to form a biofilm in vitro. In contrast, the Type IV pili mutants ( pilB and pilQ) were more proficient in forming biofilm then the wild type. The presence of both long (Type IV) and short (Type I) pili on the wild-type X. fastidiosa indicates distinct functional roles for the two different classes of pili. These results further indicate that short pili are important for attachment and biofilm formation. X. fastidiosa may possibly maintain a fine balance of the distribution of long and short pili, depending on different stages of its colonization in the plant host or the insect vector. For example, initial attachment of X. fastidiosa to the insect vector may require strong attachment contributed by Type I pili to counter the rapid xylem flow through the mouthparts during insect feeding. In contrast, cells must be free to move as they multiply in the plant and utilize long pili for vesselto-vessel spread by twitching motility; Type I pili would be expected to inhibit this process. A FimA mutant of X. fastidiosa exhibited enhanced basipetal movement from the point of inoculation in grape compared to the wild-type strain (80) .
A mutation in the cheA gene of Pseudomonas fluorescens, which is required for flagella-driven chemotaxis, affects its colonization of different parts of the root system of plants (124) . Recent genome and functional analysis of X. fastidiosa revealed that the bacterium also contains a complex chemosensory system that may control Type IV pilus-driven twitching motility. X. fastidiosa twitching motility was shown to be controlled by a signal transduction pathway consisting of the pilG-chpC cluster, which is highly homologous to chemosensory systems controlling flagella rotation in several other bacteria including Pseudomonas aeruginosa (19) . Two of the chemosensory signal transduction pathway genes ( pilL and cheY2) in X. fastidiosa have been recently characterized (19) . Both cheY2 and pilL are predicted to be part of a putative chemosensory system regulating twitching motility in X. fastidiosa. The pilL mutant of X. fastidiosa lacks twitching motil-EPS: extracellular polysaccharides ity, and the cheY2 mutant exhibited an aggregated pattern of motility in the form of large clumps that moved more slowly than the wildtype cells. The cheY2 mutant was also less efficient in forming a biofilm in vitro than was the wild-type strain. Both Type I and Type IV pili were observed on the cheY2 mutant of X. fastidiosa, indicating that the lack of twitching of the mutant is due to deficiency in initiating the signal transduction cascade associated with pilus retraction (19) . While these regulators are apparently required for motility per se, whether X. fastidiosa exhibited true chemotactic movement toward particular compounds remains to be shown.
Extracellular Polysaccharide Genes
Extracellular polysaccharides (EPS) play important roles in the virulence and biofilm formation of several plant pathogenic bacteria (37) . In the Xanthomonas group of plant pathogens such as X. campestris pv. campestris and X. oryzae pv. oryzae, the extracellular polysaccharide is called xanthan gum and the genes encoding enzymes required for its biosynthesis are designated as gum genes. A cluster of 12 genes (gumB to gumM) encodes enzymes involved in the synthesis and polymerization of xanthan gum (28, 72) . Mutations in many genes in the gum operon of Xanthomonas cause a loss of virulence on different hosts (25, 38) . X. fastidosa contains homologs of 9 of the 12 gum genes in different Xanthomonas strains, but does not harbor gumI, gumJ, and gumL homologs, which are required for addition of terminal mannosyl residues to xanthan gum in Xanthomonas (111, 121) . Thus it has been predicted that X. fastidiosa makes a xanthan EPS similar to Xanthomonas, but one lacking the terminal mannosyl residue (29) . Recently, Roper and coworkers (101) demonstrated that a PD strain of X. fastidiosa produces such an exopolysaccharide both in vitro and in planta, using antibodies specific to the EPS isolated from a gumI mutant of X. campestris pv. campestris that was expected to produce an EPS similar to that produced by X. fastidiosa. However, wild-type X. fastidiosa
strains produced very little EPS as compared to X. campestris (which produces copious amounts of EPS). The low levels of production were suggested to be associated with the fastidious nature of the bacterium when grown in rich complex medium (101) . This group observed that EPS of X. fastidiosa was usually closely associated (colocalized) with cell aggregates found in the xylem vessels of grape plants. However, they also occasionally observed that X. fastidiosa EPS was found in the xylem vessels but not associated with GFP-producing bacterial cells. They speculated that this may be due to EPS being carried away from the biofilm by the xylem sap. It is also possible that cells of X. fastidiosa may die and subsequently lyse, thus releasing the GFP marker proteins in heavily colonized vessels (see Figure 1) , and thereby obscuring the fact that the EPS may have been associated with dead cells. As X. fastidiosa produces enzymes like endoglucanases, it is also possible that they could be involved in the degradation of the β-1,4-glucan backbone of its own EPS. In X. axonopodis pv. citri EPS plays an important role in forming a structured biofilm on leaves (117) . There is no report of mutational studies of the gum genes in grape strains of X. fastidiosa (108) , whereas gumB and gumF mutants have been constructed in the CVC strain (113) . These gumB and gumF mutants were reduced in capacity to form a biofilm in culture but were still able to attach to surfaces, indicating that EPS is involved in biofilm maturation rather than in initial attachment. It will be interesting to see the behavior of EPSdeficient mutants of X. fastidiosa in pathogenicity, and colonization of insect vectors.
Adhesins and Hemagglutinins
Analysis of the genome sequences of several X. fastidiosa strains reveals that this pathogen has a surprisingly large numbers of adhesins and hemagglutinin-encoding genes. This may reflect the pathogen's complex lifestyle in both the plant host and in insect vectors, where different adhesins may be required for interaction with different substrates. Interaction with a different cell surface might be a crucial initial step in biofilm formation. These adhesins may also contribute to cell-to-cell attachment, also an important component of bioflm development. Genome analysis of the grape strain Temecula of X. fastidiosa indicated that it has at least seven ORFs (PD0986, PD0988, PD1246, PD1792, PD2110, PD2116, and PD2118 with the potential to encode hemagglutinins (121) , although several of these ORFS are apparently truncated and may not be functional. In a screen for X. fastidiosa mutants altered in virulence, Guilhabert & Kirkpatrick (52) identified several mutants that were more virulent than the parental strain. Of these one was a mutant in PD2118 (hxfA). Insertional disruption of the other hemagglutinin gene PD1792 (hxfB) also resulted in a hypervirulent phenotype. Both hxfA and hxfB mutants were altered in cellcell aggregation, and also moved further in grape xylem vessels than the wild-type strain. Study of their attachment to glass surfaces revealed that the hxfA mutant was only slightly reduced in attachment compared to the wild-type strain, because another hemagglutinin such as hxfB may have a redundant function to that of hxfA. Loss of stickiness has been postulated as a possible reason for their hypermovement and increased spread along the xylem vessel and ability to exhibit more disease than the wildtype strain. It has been hypothesized that both hxfA-and hxfB-encoded hemagglutinins facilitate cell-cell aggregation as well as cell-surface interactions. As such, the expression of these adhesins might be expected to attenuate the virulence of X. fastidiosa by enhancing its attachment to surfaces, thus limiting its colonization abilities, which, in turn, reduces the number of xylem vessels that might be colonized. It would be interesting to know the role of the other hemagglutinins of X. fastidiosa in virulence to grape, as well as their contribution to insect acquisition and transmission to the new host plant as adhesion to surfaces is probably important in both processes. X. fastidiosa produces several other fimbrial and afimbrial adhesins besides hemagglutinins. Expression analysis has revealed that fimA, which encodes a fimbrial adhesin, was upregulated in the CVC strain of X. fastidiosa during biofilm formation (35) . A recent study (47) revealed that both fimA and fimF mutants (encoding Type I fimbrial adhesins) of X. fastidiosa adhered to glass surfaces less efficiently than the wild-type strain and that these cells occurred primarily as solitary cells and not as cell aggregates, unlike the wild-type strain. This suggested that the Type I pili have a particularly important role in cell-to-cell aggregation. In Xanthomonas species, a non-fimbrial adhesion called xadA plays an important role in virulence and colonization of rice plants (97) . The Xanthomonas xadA was also shown to be expressed in minimal medium that closely mimics the environment inside xylem vessels. A xadA mutant exhibited an opaque colony morphology, which suggested that it may be involved in the interaction with extracellular polysaccharides. Xanthomonas species also have a homolog of an afimbrial adhesion called xadB, whose function is not yet known. The attachment to surfaces appears to involve the coordinated contribution of several adhesins. For example, xadA and the hxfB-afimbrial mutants both exhibited a much lower frequency of adherence to glass surfaces than did the wild-type strain (47) . Although fimA and fimF mutants did not form cell aggregates on glass surfaces when incubated as individual strains, aggregates containing fimA or DSF: diffusible signaling factor fimF mutants were observed when coinoculated with either xadA or hxfB mutants, respectively (47) . These results indicate that FimA and FimF are involved preferentially in cell-cell aggregate formation whereas the afimbrial adhesions such as XadA and HxfB contribute to initial cell binding to surfaces.
Cell-Cell Signaling Mediated by Small Molecules
X. fastidiosa shares with several other plant pathogenic bacteria the ability to coordinate gene expression in a cell density-dependent fashion via the production of small signal molecules. In Xanthomonas species such as X. campestrsis pv. campestris and X. oryzae pv. oryzae, cell-to-cell signaling is mediated by a small diffusible signaling molecule called DSF (Diffusible Signaling Factor). DSF is synthesized by RpfF, which exhibits similarities to long-chain fatty acyl CoA ligases (13, 22, 49) . The rpfF gene in X. campestris pv. campestris is within a cluster of nine genes (rpfA to rpfI ). Analysis of genome sequences of different X. fastidiosa strains (111, 121) revealed the presence of remarkable synteny and similarity of genes in the rpf cluster to those of Xanthomonas strains (28, 72) (Figure 3) 
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Figure 3
Schematic representation of synteny between the rpf gene cluster of Xanthomonas campestris pv. campestris and Xylella fastidiosa. The homologous genes in the rpf clusters of X. fastidiosa and X. campestris pv. campestris are indicated in identical colors. Unlike in X. campestris pv. campestris, rpfA and rpfB are located at different genomic loci separate from the main rpf cluster. rpfF, rpfC, rpfG, and rpfE have a similar organization as in X. campestris except that X. fastidiosa lacks rpfH, rpfD, and rpfI. rpfF encodes for the DSF synthase. rpfB exhibits homology to long-chain fatty acyl CoA ligase and may be involved in DSF synthesis (13) . rpfC encodes for the hybrid two-component sensors, which are predicted to participate with RpfG (response regulator), which is part of the two-component DSF signal transduction cascade. rpfF encodes for an aconitase, which also influences extracellular enzyme and EPS production in X. campestris pv. campestris.
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rpfH, rpfD and rpfI in the latter. Also, rpfB and rpfA, which are within the rpf cluster of different Xanthomonas strains (28, 41, 111, 121) , are located in a separate region of the X. fastidiosa genome (Figure 3) . The structure of the DSF made by a citrus strain of X. fastidiosa has been proposed to be 12-methyl-tetradecanoic acid (110) , whereas that of X. campestris pv. campestris strain XC1 was determined to be cis-11-methyl-2-dodecenoic acid (122) . Although the proposed structure in X. campestris pv. campestris has been verified by complementation of different DSF-dependent phenotypes with the chemically synthesized compound, the proposed DSF structure from the CVC strain of X. fastidiosa has yet to be functionally verified with a chemically synthesized analog. Nor is it known whether the DSF produced by different strains of X. fastidiosa is the same, but the DSF made by grape strains of X. fastidiosa appears to be different from that made by X. campestris pv. campestris (88) .
Many genes in the rpf signaling system are common to several plant pathogenic bacterial species, although the patterns of gene expression that they mediate and the traits that they control differ substantially among taxa. Disruption of rpfF (encoding DSF synthase) and rpfC (hybrid two-component DSF sensor) leads to different phenotypes in different Xanthomonas species as well as in Stenotrophomonas, an animal pathogen ( Table 1 ). This strongly suggests that although different closely related bacteria share a common rpf-mediated signaling system, they regulate different phenotypes, consistent with their varied lifestyles. Studies of the role of DSF in virulence of X. campestris pv. campestris and X. oryzae pv. oryzae indicated that although the genes in the rpf cluster shared significant homology and organizational similarity, they differ in their role in virulence. DSF is involved in regulating production of virulenceassociated functions such as EPS and extracellular enzymes in X. campestris pv. campestris whereas in X. oryzae pv. oryzae, it is involved in iron uptake ( Table 1) . rpfF and rpfC mutants of X. axonopodis pv. citri exhibit differential virulence phenotypes, with the rpfC mutation having a more pronounced effect on virulence than that of the rpfF mutation ( Table 1 ) (109) . Cell-cell signaling-deficient rpfF mutants of X. fastidiosa were deficient in colonizing insect vectors and therefore were not transmitted to new hosts (88) . However, the rpfF mutant of X. fastidiosa exhibited hypervirulence when needle-inoculated in grapevines (88), producing more extreme and rapid symptoms. A recent study (S. Chatterjee & S.E. Lindow, unpublished information) indicated that an rpfF mutant of X. fastidiosa colonized over threefold more xylem vessels than the wild-type strain. Furthermore, the colonized vessels were much more likely to be blocked by cells of the rpfF mutant than the wild-type strain; over fourfold more vessels were blocked by the rpfF mutant than in the wild-type strain. This likely explains the hypervirulence phenotype of the rpfF mutant as it has been previously reported that vessels are blocked by X. fastidiosa at a higher frequency in symptomatic leaves exhibiting typical PD symptoms than in asymptomatic leaves (87) .
Mutants of X. fastidiosa blocked in expression of the DSF sensor rpfC exhibit a phenotype opposite to that of DSF-deficient rpfF mutants (Table 1) (23, 88) . The rpfC mutants of X. fastidiosa were deficient in virulence as well as in longitudinal migration along the xylem vessel. Such strains thus attained much lower population sizes in grape stems at a given distance from the point of inoculation than the wildtype strain, which in turn, had lower population sizes than the hypervirulent rpfF mutants. Furthermore, the rpfC mutants could be acquired by insects upon feeding on infected plants but were somewhat deficient in insect transmission ( Table 1 ) (23) .
Studies using mutational and biochemical analyses and computational modeling have enabled a pathway for the DSF-dependent signal transduction in Xanthomonas to be proposed (10, 40, (53) (54) (55) 112) . The DSF synthase protein RpfF is believed to be involved in the synthesis of DSF as well as to interact with RpfC, the putative DSF sensor. Binding of DSF to the signal receiver domain of RpfC mediates a conformational change in this sensor, causing release of (33, 42, 67, 104) . These refer to conserved domains based on the presence of the conserved consensus sequences GGDEF (G, glycine; D, aspartic acid; E, glutamic acid; F, phenyl alanine), EAL (E, glutamic acid; A, alanine; L, leucine), and HD-GYP (H, histidine; D, asparic acid; G, lycine). In Xanthomonas it has been shown that RpfC-RpfG two-component systems interact with other two-component systems such as NtrBC as well as with several other GGDEF domain proteins (10) . The RpfC protein of X. campestris pv. campestris also has a functional HD-GYP domain involved in cyclic di-GMP degradation (104) . Expression analysis of selected virulence genes such as tolC, pglA, and various fimbrial and afimbrial adhesins (36, 52, 100, 102, 108) in X. fastidosa revealed that DSF-dependent gene regulation is more distinct in this species than in Xanthomonas strains (23, 115) . This finding explains why rpfF and rpfC mutants of X. fastidiosa have opposite phenotypes. The collection of fimbrial and afimbrial genes required for cell-cell attachment and attachment to surfaces are positively regulated by DSF (23, 123) (Figure 4) . These results are consistent with those from studies of DSF-deficient rpfF mutants and DSF-overproducing rpfC mutants, suggesting that DSF accumulation promotes biofilm formation in X. fastidiosa. The proportion of the X. fastidiosa population that formed a biofilm in cultured cells was higher in rpfC mutants than for wild-type cells but lower for rpfF mutants than for wild-type cells (23) . Such results are consistent with the observation that rpfF mutants of X. fastidiosa did not form a biofilm in sharpshooter vectors after acquisition from infected plants (88) . On the other hand, the expression of genes such as tolC and pglA is dependent on the presence of both RpfF and RpfC and a putative repressor protein. DSF can be sensed by an intracellular or a low-affinity membrane-localized sensor and can positively regulate the synthesis of different adhesins (Figure 4) . Analysis of the genome sequence of X. fastidiosa indicated the presence of several GGDEF-EAL domain proteins (PD1994 and PD1617). PD0279 has a GGDEF domain but not an EAL domain, indicating that it may have a dedicated function for cyclic di-GMP synthesis. Expression analysis indicated that the production of this protein is strongly regulated by DSF (23) . It seems reasonable to conclude that DSF-dependent signaling involves the modulation of cyclic di-GMP levels in X. fastidiosa (Figure 3) . Preliminary results of studies of mutants blocked in production of this GGDEF domain protein indicate that it is involved in attachment and biofilm formation (S. Chatterjee & S.E. Lindow, unpublished information). DSF likely couples cyclic di-GMP levels by regulating the expression and/or interaction of various GGDEF, EAL, and HD-GYP domain proteins with different RPF components, in controlling various steps of the X. fastidiosa colonization in insects as well as plants (Figure 4) .
INSECT VECTOR BIOLOGY AND TRANSMISSION OF X. FASTIDIOSA
Traditionally, insect-borne plant pathogens are grouped based on the results of transmission bioassays that determine temporal aspects of vector-pathogen associations (see 86 for review). The transmission of X. fastidiosa is unique among plant pathogensin that it multiplies within vectors (61) 
Unknown interaction mechanism
Figure 4
A proposed model for DFS-mediated cell-cell signaling in Xylella fastidiosa. rpfF encodes the DSF synthase. rpfC encodes a hybrid two-component sensor of DSF. DSF levels negatively regulate the expression of rpfF by negative feedback. DSF binding to a two-component intracellular DSF sensor leads to autophosphorylation and phosphorelay to a two-component response regulator, likely RpfG, which positively regulates genes required for attachment and biofilm formation (hxfA, hxfB, fimA, and gumJ ) by modulating transcriptional regulators like-sigma 54 or Clp (10, 23, 54, 55) . As in Xanthomonas, RpfC likely interacts with RpfF while both RpfF and RpfC may interact with a putative intracellular repressor "R" (which might be also an anti sigma factor) and also with several proteins with GGDEF, EAL, and HD-GYP domains (10) . DSF binding to the RpfC or to the intracellular DSF sensor influences interaction with different cyclic-Di GMP modulating proteins containing GGDEF, EAL, or HD-GYP domains. The amount of free "R" would be dependent on the levels of RpfF, RpfC, and cyclic Di GMP as well as DSF. Free repressor would repress virulence genes such as tolC, pglA, and PD0279 (encoding GGDEF domain protein), which are required for extensive colonization and movement of X. fastidiosa in the plant.
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the requirement of a latent period (91) . Important breakthroughs in our understanding of X. fastidiosa transmission occurred in the 1940s, when xylem sap-feeding insect specialists were shown to transmit the pathogen; those insects include sharpshooter leafhoppers (Hemiptera, Cicadellidae) and spittlebugs (Hemiptera, Cercopidae) (105, 106) . Other leafhopper subfamilies and hemipteran families not specialized in xylem sap have been tested but never shown to transmit X. fastidiosa (95, 105) . This is an intriguing aspect of X. fastidiosa transmission biology, as insects in those groups occasionally feed on xylem sap (85) . No studies have determined if X. fastidiosa colonizes these insects, but comparative studies on insect probing behaviors and morphology and pathogen colonization patterns may yield valuable information on X. fastidiosa transmission. The ecology of X. fastidiosa sharpshooter vectors and its transmission biology have been recently reviewed (5, 99) . Unlike most vector-borne plant pathogens, the lack of vector species-X. fastidiosa strain specificity is a remarkable characteristic of this system (5, 50) . Essentially, all sharpshooter species are likely capable of transmitting all X. fastidiosa strains, albeit with variable transmission efficiencies. Efficiency seems to be associated more with bacterial populations within plants and vector-plant interactions than with vector-X. fastidiosa interactions (63) . Work on the transmission of a South American isolate of X. fastidiosa by a North American vector is an example of this aspect of transmission (32) . This strongly suggests that the mechanisms of transmission, yet to be determined, are highly conserved across vector species and strains of X. fastidiosa.
There are three essential steps on X. fastidiosa's vector transmission to plants. First, the pathogen must be acquired from an infected plant. Retention is the second step, in which X. fastidiosa must attach to the cuticle of insects, followed by colonization of that surface. Lastly, vectors inoculate the pathogen into a susceptible host generating a new infection. Vectors can acquire X. fastidiosa from an infected plant and immediately inoculate it into a new host (91); thus colonization is not a requirement for transmission and there is no latent period. In addition, infectivity is lost after nymphal stages of vector molt. Since the cuticular lining is shed during each molt, the site of X. fastidiosa's attachment and vector colonization is likely inthe foregut (7, 91) . Infectivity is not lost in adults (which do not molt), and because X. fastidiosa multiplies within its vectors, the insects are able to transmit the pathogen to plants for months after acquisition from an infected plant (61, 105) .
The foregut of leafhoppers is composed of modified mouthparts that, among many things, form a syringe-like apparatus (food canal) to suck sap from xylem vessels (73) . Sap is pumped into a chamber (cibarium) through the food canal when insects contract muscles attached to a membrane sealing it, creating a low pressure environment that allows fluid to flow into the cibarium (92) . Connecting the food canal to the cibarium is a narrow canal named the precibarium; in this canal a small valve (precibarial valve) is present (11) . Once the cibarium is full with sap, the cibarial muscles relax and the membrane collapses pushing fluid into the midgut. The precibarial valve likely functions as a check-valve preventing sap from flowing back into plants. Muscle contraction and pumping seem to occur once every few seconds while insects are feeding, ensuring a very turbulent environment. X. fastidiosa has been observed in the precibarium and cibarium of vectors (4, 8, 18, 87, 88, 92) . Although probing behaviors and the mechanism of X. fastidiosa inoculation are yet to be determined, correlation-based experiments indicate that cells are inoculated into plants from the precibarium (8) . Indirect evidence from transmission experiments suggests that an insect-associated probing behavior is responsible for inoculation events (5, 9) .
The precibarium is a canal of approximately 20 μm in diameter and 150 μm in length in the case of sharpshooters, although dimensions are variable and species dependent (12) . Therefore, there is a physical limitation to the number of cells that can be present at the inoculum ANRV351-PY46-11 ARI 16 April 2008 14:8 site in the foregut. Flow of sap in the precibarium has been estimated to be >5 cm/s (91) , suggesting that cells must be well attached to the cuticle in an environment of extreme velocity. As sharpshooters can ingest over a hundred times their body weight per day (82) , attachment is not a trivial process. Nevertheless, X. fastidiosa seems to have the machinery necessary to colonize such an environment, as it has been suggested that its Type I pili may serve as an anchor-like system to permit attachment in fast fluid flow conditions (34) . Precibarium colonization seems to occur in a stepwise fashion, with early colonizers attached sideways and late colonizers, which have multiplied in the foregut, attached polarly and forming a monolayer (8) . These observations suggest that X. fastidiosa colonizes vectors similarly to other biofilms, although details are lacking. Polar attachment may be a strategy allowing a larger number of cells to colonize the precibarium and increase the cell surface area available for nutrient uptake; cells must be able to acquire nutrients from an extremely dilute solution under what are likely very turbulent and fast flow conditions. The number of bacteria in an inoculum is an important factor for successful host infection for many plant pathogens. Mechanical inoculation of plants with X. fastidiosa increases in efficiency with increases in the number of cells in inoculated bacterial suspensions (90) . However, mechanical inoculation is dramatically different from vector-borne processes, because high concentrations of bacteria are used in the inoculum and the delivery process destroys plant tissue. Furthermore, although vessel embolism occurs during mechanical inoculation, its occurrence during the insect's probing is yet undetermined. Because there is no latent period for X. fastidiosa transmission, number of bacteria within insects is thought not to be associated with transmission efficiency. The fact that the number of cells within vectors was not associated with plant infection supports this hypothesis (M. Daugherty & R.P.P. Almeida, unpublished information). However, the number of infective individuals was significantly related to plant infection and bacterial colonization rates, suggesting that a potentially larger number of inoculation events generate larger numbers of infections that develop faster than those based on single individuals or large inoculum (M. Daugherty & R.P.P. Almeida, unpublished information).
The lack of vector-strain specificity suggests that sharpshooters do not benefit from this association. For X. fastidiosa, which has a wide host range, it is beneficial to be associated with polyphagous insects that visit many plants during their lifetime. On the other hand, colonization of the precibarium may affect vector feeding. Vectors also avoid plants with symptoms of X. fastidiosa infection (76) , indicating that those are not preferred hosts. In certain cases of other insect-borne plant pathogens, the insects either directly benefit from carrying the pathogen (44) or are attracted to and have fitness benefits provided by symptomatic plants (17, 48) .
TRAITS OF X. FASTIDIOSA THAT IMPACT ITS TRANSMISSION TO PLANTS BY VECTORS
Our understanding of the biology of X. fastidiosa is hampered by lack of knowledge on X. fastidiosa-vector interactions. Biological evidence suggests this is a complex process conserved among taxa. Although much information on how X. fastidiosa colonizes plants could be inferred from genome sequences, little information was generated that improved our understanding of how it colonizes insects. Based on those sequences, initial attention was directed to fimbrial and afimbrial adhesins and gum (111) because of the adhesion-related phenotypes or orthologs in other organisms. All such candidates could, and have been, shown to be associated with plant colonization (as discussed above). The availability of microarray gene expression data and the demonstration that DSF controls X. fastidiosa attachment to the foregut of vectors and subsequent transmission to plants provided indirect information to develop hypotheses on which genes may be associated with transmission (88) . Specifically, genes upregulated by DSF in plants are of putative importance for transmission, as are genes upregulated in plants compared to rich solid medium (23, 88, 123) . X. fastidiosa grown on rich solid media is acquired by vectors through artificial feeding systems but is not transmitted to plants (R. P.P. Almeida, unpublished information). Following this approach, Type IV pili were putatively identified as not essential for transmission, whereas hemagglutinin-like proteins and gum were identified as candidates for adhesion to vectors. Further support for these hypotheses was obtained through comparative experiments conducted with rpfF-and rpfC-mutants of X. fastidiosa. rpfF-mutants are not colonizers of insects and are not transmitted by vectors, and rpfC-mutants colonize vectors but are limited in their ability to be detached from the cuticle (23, 88) . However, the use of rpf mutants does not allow for the testing of specific genes for transmission, as DSF regulates several pathways and bacterial colonization of vectors is probably similar to the formation of biofilms. Testing of specific X. fastidiosa mutants for vector transmission may be difficult, as some mutants do not colonize host plants well (e.g., Type IV pilus mutant, 80) and transmission efficiency can be affected as bacterial numbers (or population size?) within plants are associated with vector efficiency (63) . Recentbiochemical approaches have focused on X. fastidiosa attachment to polysaccharides (69) , and have shown that X. fastidiosa surface proteins and not gum are associated with attachment to sugars. Similar tests with knockout mutants of fimbrial and afimbrial adhesins, in addition to DSF mutants, identified hemagglutinin-like proteins as important for initial attachment of cells to vectors (N. Killiny & R.P.P. Almeida, unpublished information). The identification of hemagglutinin-like proteins as an important surface protein for transmission is tentative, however, as X. fastidiosa has two copies of the gene and it is as yet difficult to produce double knockout mutations in the same isolate of this pathogen (52) . Better characterization of X. fastidiosa hemagglutinin-genes is warranted because of the strong phenotypic changes associated with their blockage in plants and insects. Furthermore as and because the copies are orthologs to a Xanthomonas adhesion protein (Xad) and have little homology to hemagglutinins they might have other unexpected features that contribute to the behavior of X. fastidiosa.
Different genes may be of importance for different steps in the cuticle colonization process. In this hypothesis, three steps for colonization occur: (i ) initial attachment and early colonization, (ii ) formation of mature biofilm, and (iii ) detachment. The formation of a mature biofilm is not required for cell detachment (X. fastidiosa exhibits no latent period for transmission by sharpshooters), and thus the turbulent environment within the precibarium may result in occasional detachment of cells at any stage of colonization. However, there is evidence for early and late stages of colonization (8) . Cells are initially attached sideways in relation to the surface, often embedded in an extracellular matrix. Cells at higher densities are polarly attached and the matrix, which is certainly present, does not seem to occur in large amounts as in early stages on colonization. In this scenario, hemagglutininlike proteins could be more important for early colonization and polar fimbrial adhesins may facilitate late colonization and formation of a mature biofilm as in in vitro biofilms. Type I and Type IV pili are associated with X. fastidiosa movement on and attachment to surfaces (34) , and they may have a role on biofilm formation and/or maturation within insects after initial attachment mediated by other proteins. Testing these hypotheses in situ will be challenging, but we predict that results will show that vector colonization is a complex stepwise process mediated by cell-cell signaling as cell densities increase and biofilms change morphology. However, the role of DSF and attachment proteins has not been studied in situ and may differ from in vitro and in planta observations, as environmental conditions are dramatically different within leafhoppers. The development of artificial feeding systems that allow for X. fastidiosa to acquired by the insect in vitro would permit A conceptual model illustrating that plant colonization by X. fastidiosa and its transmission by insects are largely mutually exclusive processes that are controlled in large part by the extent of vessel colonization. The model emphasizes the fact that cells exhibit different phenotypes (shown in red ) depending on their density within xylem vessels.
www.annualreviews.org • Plant and Insect Lifestyles of Xylella Fastidiosa 261
mutants of X. fastidiosa are far more virulent to plants but severely compromised in insect transmission, the traits that maximize plant colonization and those that optimize insect transmission would appear to be in conflict. That is, plant colonization and thus virulence would seem to be optimum in cells that did not express adhesins and hence were not "sticky," enabling them to move freely through the plant. Likewise, cells that expressed Type IV pili and extracellular enzymes would be able to degrade pit membranes and move through the openings made in the vessels to adjacent xylem vessels. As DSF levels would be expected to be low in vessels lacking large colonies of X. fastidiosa, the cells should have low expression of adhesins but high expression of Type IV pili and extracellular enzyme production. Such cells would be in an "exploratory phase" of colonization of the plant where frequent movement to new vessels would be expected ( Figure 5 ). In contrast, in those vessels in which large colonies might form, DSF levels would increase, thereby suppressing further enzyme production. Cells would also become more "sticky" with the enhanced production of various adhesins, making movement more difficult. Type IV pili production would also decrease, perhaps reflecting the futility of attempted movement. As the pathogen apparently acquires substantial nutrition from the degradation products of the pit membranes, DSF thus suppresses the multiplication in vessels as cell numbers, and hence DSF, accumulate. This would tend to act as a negative feedback loop to prevent excessive grown of X. fastidiosa in vessels, which apparently is detrimental if it leads to vessel blockage. The "sticky" cells in those vessels in which cell numbers had increased, however, would most likely be acquired by insect vectors (Figure 5 ). X. fastidiosa thus apparently must express traits involved in attachment differently in different phases of its lifestyle. Our model predicts that X. fastidiosa coordinates its behavior in a plant to have first an "exploratory" phase for systemic spread in the plant but limited acquisition by insect vectors; the exploratory phase which occurs until cells start to become locally abundant. This phase is followed by an "acquisition phase" in a subset of the cells that are maximally transmitted by insects. Thus, because the plant lifestyle (as an endophyte) conflicts with its ability to adhere to insects and be transmitted, the pathogen apparently takes on a "bipolar" lifestyle of two different physiologies that are adapted for plant invasion and insect transmission, respectively. DSF serves as the switch to coordinate the plant lifestyle and convert cells into the insect acquisition phase. Based on this model, X. fastidiosa produces a mixed population of cells that may be spatially or temporally segregated in the plant in a manner that involves DSF production that participates differentially in plant colonization and insect transmission. Clearly, as more is learned of other factors that contribute to virulence and insect transmission and how such traits are regulated by endogenous cues such as DSF or exogenous cues from the plant or insect, a more complex model of behavior of X. fastidiosa will emerge. However, the complex lifestyle of X. fastidiosa, with more than one host, will require it to coordinate its behavior with signaling molecules whose perception and function is fine-tuned to suit specific needs for colonizing these different hosts.
SUMMARY POINTS
1. While X. fastidiosa has long been associated with several diseases such as PD of grape and diseases of other horticultural crops, important new diseases of citrus and the spread of vectors of the pathogen have greatly increased the economic repercussions of this pathogen.
2. Molecular tools such as the marking of strains with GFP show that the pathogen occurs most commonly in relatively small colonies in colonized xylem vessels and much less frequently blocks vessels, suggesting that excessive multiplication in vessels is detrimental to pathogen survival.
3. The complete genome sequence for several X. fastidiosa strains revealed that, while this pathogen harbors many of the same virulence traits and regulatory systems as Xanthomonas species, it lacks many traits typical of pathogens that interact with living plant cells.
4. The coordinated regulation of a variety of virulence factors such as adhesins, Type IV pili, and extracellular cell wall-degrading enzyme by a small diffusible signal molecule similar to, but different from that used in Xanthomonas species, is a prominent feature of the behavior of X. fastidiosa.
5. The colonization of insect vectors occurs in discrete sites in the insect and traits such as adhesins are apparently important in colonization, given the high turbulence of fluids in the regions where attachment and biofilm formation occur.
6. The traits that maximize plant colonization and those that optimize insect transmission are in conflict, suggesting that the expression of these traits by X. fastidiosa in plants is spatially or temporally heterogeneous, and regulated by diffusible signal molecules to enable plant colonization and insect transmission to occur simultaneously in the same plant, but probably not be the same cells.
FUTURE ISSUES
1. While the roles of many putative virulence factors used by X. fastidiosa have been identified from analysis of genomic sequences, and some have even been studied by mutational analysis, many more such traits presumably exist and more research is needed on their patterns of expression in plants and insects.
2. As plant virulence traits in X. fastidiosa are down-regulated upon the accumulation of a small diffusible signal molecule, disease control by a process of "pathogen confusion," involving elevation of such signal molecules in plants, might provide a novel means of disease control. More research on how such a process could be implemented and its effect of the disease process is needed.
3. The genome sequences of different strains of X. fastidiosa reveal remarkable similarities to each other even though the strains have different host ranges. However, the traits that determine the host range of this pathogen have not yet been resolved. 4 . As a small endogenous signal molecule greatly affects the interactions of X. fastidiosa with plants and insects, the pathogen likely perceives other signals of plant or insect origin to coordinate behaviors in a host-appropriate manner. The environmental cues for pathogen behavior need to be better understood.
5. The study of traits in X. fastidiosa that contribute to insect colonization and transmission can now be addressed using appropriate mutant strains. However, progress in this area will be dependent on developing artificial feeding systems for insect acquisition of the pathogen since the traits involved in insect acquisition may be negatively related to plant colonization.
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